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APPLICATIONS OF hIONTE CARLO hlETHODS FOR THE ANALYSIS OF RTHTGR 
CASE OF THE VHTRC BEKCHMARK 

Felix C .  Difilippo 

1. 1,lrTRODUCTION 

Monte Carlo methods, as implemented in the MCNP code, have been used to analyze the neutronics 
characteristics of benchmarks related to Modular High Temperature Gas-Cooled Reactors. The benchmarks 
are idealized versions of the Japanese (VHTRC) and Swiss (PROTEUS) facilities and an actual configurations 
of the PROTEUS Configuration I experiment. The purpose of the unit cell benchmarks is to compare 
multiplication constants, critical bucklings, migration lengths, reaction rates and spectral indices. The purpose 
of the full reactors benchmarks is to compare multiplication constants, reaction rates, spectral indices, neutron 
balances, reaction rates profiles, temperature coefficients of reactivity and effective delayed neutron fractions. 
All of these parameters can be calculated by MCNP, which can provide a very detdtxi model of the geometry 
of the configurations, from fuel particles to entire fuel assemblies, using at the same time a continuous energy 
model. These characteristics make MCNP a very useful tool to analyze these MHTGR benchmarks. 

We have used the MCNP latest version, 4.x, eld = 01/12/93 with an ENDF/B-V cross section library. This 
library does not yet contain temperature dependent resonance materials, so all calculations correspond to room 
temperature, T=3W°K. Two separate reports were made-one for the VHTRC, the other for the PROTEUS 
benchmark. 

2. THE VHTRC BENCHMARK PROBLEM 

The calculations shown here correspond to the specitications of benchmark VHl-HP as described in Ref. 1. 
Twelve fuel elements contain 12 4% U235 enriched fuel rods which are made of fuel particles in a graphite 
matrix. Figure 1 shows the distribution of the fuel elements inside the graphite reflector. The fuel extension 
in the axial direction is 1454 mm (two adjacent halves of 727 mm) with 473 mm thick axial graphite reflectors 
at both ends. 

2.1 RESULTS FROM THE CALCULATION OF THE UNIT CELL 

The unit cell corresponding to the core region of Fig. 1 consists of a hexagonal piece of graphite (300 mm 
flat to flat) with 12 fuel rods located in positions of a 65 mm pitch hexagonal lattice. The MCNP calculations 
were done for an infinite two-dimensional hexagonal lattice with each position filled with a unit cell with 
infinite axial dimensions. To consider double heterogeneity effects, two types of calculations were done: (1) 
one with homogenized fuel compact isotope densities (in a volumetric sense) (i.e., to consider only one 
heterogeneity effect), and (2) the other with an explicit representation of the individual fuel particles (i.e*, to 
consider both heterogeneity effects). These calculations are going to be named homogenized and 
heterogeneous compact for short. 

In order to run the heterogeneous compact calculations, it was assumed that the fuel particles are arranged 
in a cubic lattice whose cell size is given by the average number of fuel particles per unit volume. Each fuel 
particle was explicitly defined in terms of its components: fuel kernel, first and second coating layers, and 
graphite matrix. Note that with this model, MCNP calculates the interactions of the neutrons with all the cell 
components from fuel particles to the graphite moderator. The parameters of the calculations for the unit cells 
with MCNP are shown in Table 1. Although, there is a factor of 7 for the CPU time required for the 
heterogeneous calculation with respect to the homogeneous case, it is possible to represent explicitly all the 
heterogeneities of the system and to obtain reasonable statistical precision in a reasonable amount of time. 
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Fig. 1. Cross section of the VHl-HP benchmark. The regions marked along the coordinated 
axis (x,y) are detector regions for reaction rate profiles. 
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I 
11 Number of generations I 100 I 100 II 

floiiiogrnizrd compact Iietrrogeneous coiupart 

Neutrons per generation 

Total number of histones 

11 CPU time for IBM workstation (minutes) I 78 I 540 II 

500 500 

50,000 50,000 

Results for critical parameters, reaction rates and spectral indices are shown respectively in Tables 2, 3. 
and 4, together with their statistical uncertainties when these are available. In each case, two calculations 
were done, one with the cell occupying the whole space and the other with the hexagonal lattice 
intercepted with a sphere of radius 107.10 cm, very near to what later became the critical radius. 

Reaction rates and spectral indices quoted as corresponding to B* = B: were calculated for this sphere. 

142164 -I: 0.00416 1.44401 + 0.00401 
II 1.50159 & 0.00305 I 1.47801 t 0.00280 I 

Critical ~ , 2 (  rn-2)  

Migration Length M (cm) 33.4841 0.1948 

Radius critical sphere (cm) 

7.645 k 0.098 

110.80 f 0.71 

7.836 0 100 

23.8042 0.1851 

109.41 0.71 

isotope 

Table 3. 4% enriched VH1-VP unit cell reaction rates for B 2  =B:" 

Fissions/ Ahsorptions Capture/ Absorptions 

I loinogeneous Ileterogmwus Ilonrogenwus Hetcrogrneotis 
Coillpuct Cornpact Cotnpact Compact 

23811 

236u 

23411 

I 5.7907E-1 I 5.8817E-1 I 1.1331E-1 1 1.1447E-1 11 235u  II 
4.0179E-3 4.2256E-3 2 .6264E-l 2.5 18 1E-1 

5.7260E-6 3.8873E-6 3.7960E-4 3.0366E-4 

3.7010E-6 2.0484E-5 1.43OOE-3 1.2606E-3 

C 

N 

'OB 

- - 3.5346E-7, 3.5967E-7- 

- - 1.1910E-3 2.2640E-3 

- - 8.6340E-4 7. X68E-4 

II H I - I - 1 4.3840E-4 I 4.447OE-4 11 
0 

"B 

~~ 

- - 1.9960E-4 2 1879E-4 

- - 1.3976E-11 5.84348-10 
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Table 4. 4% enriched VHl-HP unit cell spectral indicesa for B 2  = B: 

Number of generations 

Spectral index Homogeneous compact Heterogeneow compact I- 

Homogeneous compact Heterogeneous compact 

100 100 

p28; Ratio epithermal to thermal 
captures in 1 - 3 8 ~  

Neutrons per generations 

Total number of histories 

Number of cells for detector materials 

3.179 

5,000 5,000 

500,000 500,000 

69.0 71.0 

2.980 

CPU time for IBM workstations 

0.07738 0.07698 625: Ratio e ithemal to thermal 
fission in 23'u 

1.29 days 3.13 days 

628 : Ratio of macroscopic 238U 
to 2 3 5 ~  fissions 

0.006897 0.007061 

0.4571 C*: Ratio of macroscopic 238U 
captures to 2 3 5 ~  fissions 

0.4356 

a These values correspond to reaction rates for those regions where the isotopes are present in the reactor, 
i.e., the fuel particles, statistical error is 1 %. 

2.2 RESULTS FROM THE CALCULATIONS OF THE WHOLE REACTOR 

The (x,y) cross section of the whole reactor is shown in Fig. 1. Two sets of calculations were done-one 
with the homogenized compact, the other with the explicit modeling of the fuel particles and the end caps 
of the fuel rods. Table 5 summarizes the parameters of the MCNP calculations. 

Table 6 shows multiplication constants and neutron balance integrated over the whole reactor together 
with the experimental value for k as quoted in Ref. 1. 
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k 

Leakage/Absorptiona 

Production/Absorptiona 

The agreement with the experimental value of k is very good. The heterogeneous compact calculations 
agree within +0.33%; also, the difference between heterogeneous and homogeneous compact calculations 
is 0.63 %, similar to the value quoted in Ref. 1. 

Homogeneous compact Heterogeneous compact Experiment 

1.00399 f 0.00116 1.01131 0.00110 1.008 

0.3247 1 0.32819 NA 

1.33132 1.34321 NA 

Table 7 summarizes the reaction rates of nuclides present in the system for the central region of the core 
as defined in the table. Table 8 summarizes the spectral indices for the same region. The values of 
Tables 7 and 8 are from the heterogeneous compact calculations. 

Figures 2 through 7 show the fission reaction rates for 235U and 238U along the coordinates axis of 
Fig. 1. The axial reaction rates are averages in the central graphite and the x and y reaction rates are 
averages in the regions shown in Fig. 1 extended from -20 to 20 cm in the z-direction. The fission rates 
are tabulated in Appendix A. 

The axial reaction rates of Figs. 2 and 3 are from the heterogeneous compact calculations while the (x,y) 
profiles are from the homogeneous compact calculations. The axial profiles along the z axis is smooth 
whereas the reaction rates in the (x,y) plane are very sensitive to the proximity of the fuel rods as Figs. 4 
through 7 show. 

Table 7. Whole reactor calculation. Reaction ratesa at the center of the core for the 
heterogeneous compact model 

Reaction rates are for a 10 cm height slab of the fuel element located to the right of the 
central graphite of Fig. 1. The slab is located between 0.5 and 10.5 cm with respect to the 
center of the reactor and includes the 12 fuel rods and the graphite. Statistical errors 
depend on reaction rates; some are shown. 
For the 500,OO histories sampling. 
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V H l H P  U235 FISSION R A T E .  MCNP 5 0 0 , 0 0 0 .  H 

U 
a 

Axial Distance ( c m l  

Fig. 2. 235U fission rates along the z-axis, extreme curves show the uncertainties (1 sigma). 
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- 
a - 
a 

LII 

VHlHP U238 FISSION RATE.  MCNP 500,000.  H 
1 . 1  

1 . 0  

. 9  

. 7  

.6 

. 5  

. 4  

. 3  

.2 

.1 

0 

Axial Distance I c m l  

Fig. 3. fission rates along the z-axis, extreme curves show the uncertainties ( 1  sigma). 
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C 
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4 

U 
d 
0)  a 
e2 
> .- 
Y 

d 

OI 

- 
a 

VHlHP(Hom) U235 FISSION. MCNP 5 0 0 , 0 0 0 .  H 

20 30 40 
l l l l l l l  I l l  1 1  I I 1  

50 60 70 80 90 100 110 120 

x Distance ( c m )  

Fig. 4. p5U fission rates along the x-axis, extreme curves show the uncertainties (1 sigma). The 
vertical lines indicate the two fuel rods crossed in this direction. 
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Y 
V 

W 
a 
a 
u 
> .- 
Y 
a 

a 
- 

W 

VHlHP(Hom1 U238 FISSION. MCNP 5 0 0 , 0 0 0 .  H 

- 
1.0 - 

c 

.9 - 
- 

.8 - 
- 

.7 - 
- 

.6 - 
- 

.5 - 
- 

. 4  - 
- 

. 3  - 
- 

. 2  
- 

.1  - 
- 

0 1 1 1  

0 10 20 30 40 50 60 70 80 90 100 110 120 
x D i ~ . r t a n c e  ( e m )  

Fig. 5.  z?sU fission rates along the x-axis, extreme curves show the uncertainties (1 sigma). The 
vertical lines indicate the two fuel rods crossed in this direction. 
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c 
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V H l H P ( H o r n 1  U235 FISSION. MCNP 5 0 0 , 0 0 0 .  H 

1.0 

.9 

.8 

. 7  

.6 

.5 

. 4  

. 3  

. 2  

. 1  

0 
0 10 20 30 40 50 

y Distance [ c m )  

1 1 1 1 1 1 1 1 1 1 1  

60 70 80 90 100 110 120 

Fig. 6. 235U fission rates along the y-axis, the extreme curves show the uncertainties (1 sigma). 
The vertical lines indicate the fuel rods near (the one at - 25 cm) or crossed (the other two) in this 
direction. 
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VH1 HP (Horn 1 U238 

0 
0 10 20 30 40 

FISSION. MCNP 5 0 0 . 0 0 0 .  H 

50 
y Distance ( c m )  

60 70 80 90 100 110 120 

Fig. 7.  278U fission rates along the y-axis, the extreme curves show the uncertainties (1 sigma). 
The vertical lines indicate the fuel rods near (the one at - 25 cm) or crossed (the other two) in this 
direction. 
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Table 8. Whole reactor calculator,. Spectral indicesa at 

the center of the core for the heterogeneous compact model 

SpKtrdl index Value (Vi error) 

2.054 (4.3 %) 

6 25 0.05594 (3.5 %) 

6 28 0.005886 (2.7%) 
I 

C* 0.3383 (3.3 5%) 

3. RESULTS FOR THE CALCULATION OF THE EFFECTIVE DELAYED NEUTRON 
FRACTION FOR THE WHOLE REACTOR 

One of the requests of the benchmark is the calculation of the dollar unit, the effective delayed neutron 
fraction, this can be done with MCNP because it has the capability to calculate the response of the system 
to the injection of a pulse of neutrons. The time dependent reaction rate can then be fit to an exponential 

decay to determine the prompt decay constant a ,  which is related to the multiplication factor, k by the 
inhour equation: 

where p is the reactivity in absolute units, p = ( i - k ) / k  , A = P/k is the generation time, A and p are 
effective values, 

and ai are the relative production of neutrons for delayed group i. If, for two states with equal @/k, we 

compute p and a,  p and A can be obtained from Eq. (1). If more states are available, a fit of Eq. (1)  

would improve the accuracy. The condition for this method is to calculate states with equal elk, 
condition that can be checked because MCNP makes also an estimation of the mean life of the neutrons P. 

Because of its simplicity and fast spectra, the Godiva configuration was chosen to test this method for 
the calculation p . The short lifetime of the neutrons makes the MCNP run particularly fast. 

Static (for p )  and pulsed neutron source (PNS) (for a )  runs were made for the GODIVA configuration 
with different radius listed in Table 9 (which includes also typical CPU times). 

12 



The reactivity was changed by changing the radius with the results summarized in Table 10. 

Radius (cm) k P (n!!fx) 

8.0 0.92570k0.00075 5.20 f 0.0 1 

8.5 0.97405 +0.00066 5.52 kO.01 

8.62 0.986 10 0.00068 5.61 t0 .01 

Ilk (nsec) 

5.62 

5.67 

5.69 

Table 10 shows that A is fairly constant for this example. Note that the e of Table 9 is an estimator 

computed by MCNP by following the fate of the neutrons while the F and A of Ey. (1)  are averages 

weighted with static adjoint fluxes: although very useful to check the constancy of A ,  the P from MCNP 
calculations do not have to be confused with the kinetic e of Ey. (1). 

R (W p (% error) 

8.0 0.080264 (1.1) 

8.5 0.026641 (2.6) 

8.62 0.014096 (5.0) 

With the p of Table 10 and the u ‘s from the fit of the PNS runs we have the results of Table 1 1 .  

u (sec”) 

16,418,460.0 rt 47191.0 

6,172,705.0 j, 13143.0 

3,939,115.0 -+ 8757.0 

Note that the method relies on the calculation of p whose errors are difficult to reduce when the system 

approaches criticality. With the values of Table 11 and considering that for GODIVA f (a> in Eq. (1 )  
is equal to 1, A and f.3 can be determined by a linear square fit; results are in Table 12. 
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Table 12. Determination of A and for GODIVA 

10 C = 

1.54 (nominal) 

B concentration (ppm)  in graphite 

A = (5.284 O.OS7) nszc (1 .6%)  

p = 0.00638 It 0.00080 (12.5 %) 

(14.0%) ug = 4 = 1, 207,975 I 168,718 
A 

k 

1.01131 0.00110 

For this case, the inverse of the effective generation time (a,) is equal to the prompt decay constant at 

delay critical. The value for p is smaller than the nuclear p ,  result we should expect for this fast 

system; statistical errors are, anyway, large and mainly reflect the large errors of p near critical. 

30.80 (20 times nominal) 

Ak/AC = -93.9 pcm/ppm (1 pan  = A k*100,000.0) 

Some preliminary calculations were done to apply this technique for the VH1-HP benchmark. The 
reactivity was changed by changing the amount of equivalent 'OB impurities in the graphite outside the 
fuel rods; the nominal 'OB impurities in the calculations of Table 6 i s  1.53 ppm ('OB atoms per million 
atoms in the mixture). This number was increased by a factor of 20 with the results shown in Table 13. 

0.98382 + 0.00374 

The pulsed neutron source experiment was simulated then for the subcritical system of Table 13 
(Le., including fuel particles explicitly) with the results shown in Fig. 8 .  The fit of this data gives 

a = (14.24 & 0.67) sec-l. Because MCNP mimics the fate of the neutrons in the real reactor, the 
calculations of the PNS experiment are particularly slow for graphite reactors near critical; for this 1.6% 
subcritical case it was required 8.8 days of the CPU time of an IBM workstation to compute the time 
profile. 

4. COMPARISON WITH OTHER CALCULATIONS 

Similar calculations were made by other laboratories, namely General Atomic (GA) in the U . S . ,  Japan 
Energy Research Institute (JAERI), and the Kurchatov Institute in Russia. The results were obtained 
from Ref. 2 and compared here with our calculations. 

Table 14 shows the values for the critical parameters of the 4% enriched VH1-HP cell. Tables 15 and 
16 show reaction rates for the cell materials, Table 17 for the spectral indices, and Table 18 values for 
whole reactor calculations. Our discrepancy with the measured k is +0.35% very similar to the average 
discrepancy quoted by GA in Ref. 2. 

14 



P u l s i n g  V H l H P  .MCNP 10 ,000  H i s t .  
0 

- .2 

- . 4  

- . 6  

-.a 

-1.0 

n 
@ - 1 + 2  I 

. I" 

Timelmsec) 
20 times nominal B1O in graphite.k=0.983 

Fig. 8. VHl-HP configuration with 20 times the nominal 'OB concentration in the graphite; 
results of the simulation of a pulsed neutron experiment. Note at 120 msec the reduction, by a factor of 
2, of the channel width At. 
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Table 14. Intercomparison of cell parameter f o r  VHl-HP 

aFrom Table 2, T=26.8S°C (300'K). 
bValues were interpolated for T =26.8SoC. 

Nuclide This work" G A ~  

234u 1.261-3 1.55 1-3 

J A E R I ~  

1.420-3 

aAt T=26.85OC and from Table 3, some statistical error shown. 
bAt T=25S°C (corrections for AT are negligible). 

Nuclide This worka G A ~  

234u 2.048-5 (6%) 1.167-5 

235u 5.882-1 (0.2%) 5.926- 1 

23611 3.887-6 6.512-6 

1 3 8 ~  4.226-3 (7%) 3.9 13-3 

J A E R I ~  

7.025-6 

5.920-1 

2.294-6 

4.218-3 
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Param et er 

II 028 

This worka GAb JAERP 
2.980 

Experiment 

This worka 

2.776 

1.008 

1.01154 & 0.00110 

2.823 

JAERI 

KI 

II 

1.0162 

1.0167 

1 0.007061 I 0.006603 1 0.007128 11 t i28 (macro) 

11 C* (macro) 1 0.4356 I 0.4164 [ 0.4173 -11 
- ~~ ~ 

a From Table 4 at T=26.85'C. Reaction rates only in those regions where isotopes 
are present (i.e., fuel particles), statistical error is 1%. 
At T=25.5'C (corrections for AT are negligible). 

Table 18. Intercomparison of whole reactor k for VH1-HP 
at T=25.S°C 

GA 1 1.0134 

a From Table 6 and temperature coefficient -1.73 x IO-'/"C 
(experimental). 

5. CONCLUSIONS AND RECOMMENDATIONS 

MCNP calculations of the VHTRC benchmark allow unprecedented degree of details in the models not 
available with other methods. The reactor was modeled in all of its details from the fuel particles (502 
microns diameter) to the reflector (2.4 m flat to flat) and with continuous energy representation of the 
cross sections. Details like the end caps of the fuel rods can be modeled exactly with the flexibility of 
MCNP. 

All the requested parameters from the specifications of the benchmarks can be calculated. In addition, 
pulsed neutron experiments (usual technique at PROTEUS and VHTRC facilities) can be modeled 
explicitly, so MCNP is going to play a major role in the interpretation of experiments to determine the 
impurities of the graphite and reactivities. Our results compare very well with respect to the calculations 
of three independent groups. 

The model can be easily improved by the introduction of more details about experimental devices. 
Required CPU times are large; in a good proportion this is due to the long lifetime of the neutrons in the 
graphite system, the problem is particularly severe when PNS experiments near critical are simulated. 
It is strongly recommended then to use the high performance computer resources at ORNL to take 
advantage of the flexibility of MCNP to work with parallel computers. 
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Appendix A 

x (an) 

1 .oo 
3 .OO 

5.00 

7.00 

9.00 

FISSION RATES OF 13'U A N D  '"U ALONG THE COORDINATES AXIS 

Fission rate Relative error 

7 77230E-02 0.0217 

7.68734E-02 0 . 0 2 3  

7.3 6861 E-02 0.0231 

7.47202E-01 0.0719 

7.54846E-02 0.0328 

'75 

HIST x-axis profile 
Table A. 1. VHlHP (homogeneous compact) -- U fission. MCNP 500,000. 

11.00 7.17033E-01 

13 00 6 97792E-02 

15 19 6 37887E-07- 

18 74 5 16741E-02 

22.05 4 71847E-01 

0 0137 

0 0238 

0 0231 

0.0104 

0.0255 

7-4.00 

26.00 

28.00 

4 48024E-03 0.0251 

4 41375E-02 0.0264 

4 55902E-02 0.0268 

II 30.00 I 4.28101E-02 I 0.0268 II 

36.00 3 94038E-02 

37.94 4.13992E-02 

41.26 4 O4939E-01 

II 32.00 I 4.31248E-02 I 0.0270 ll 

0.0265 

0.0284 

0.0126 

II 34.00 I 4 .20833E-02 I 0.0287 II 

44 31 

47.00 

51 00 

4 646hZE-01 0 0193 

5 07035E-02 0.0250 

5 19617E-02 0 0241 

63 -00 

67.00 

71.00 

ll 55.00 I 5.40387E-02 I 0.0145 II 

5.36868E-02 0.0251 

5.3907 1 E-02 0.0250 

5.03547E-01 I 0.0261 

II 59.00 I 5.30020E-02 I 0.0239 II 

80.00 

86.00 

0.0256 

0.0277 

4.201 1OE-07 

3.66390E-07- 

II 75.00 I 4.72485 E-01 1 0.0270 II 

92.00 

98.00 

104.00 

3.03791 E-02 0.0305 

2.4 19 18E-02 0.0353 

1.70889E-07- 0.0383 

11 110.00 I 1.15747E-02 I 0.0469 II 
1 I I 116.45 4.86974E-02 0.0669 

A- 1 



Table A.2. V H l H P  (honiogensous compact) 135U fission. hlCNP 500.000 
HiST v-axis profile. 

y (CII1) Fission rate Rehtive rrror 

2.5 7.79966E-02 0.0200 

5.5 7 60779E-02 0 0203 

8 5  7 43555E-02 0 0203 

I1 11.5 I 7.03089E-02 I 0.0206 

14.5 6.67824E-02 0.0207 

17.5 6.17524E-02 0.0216 

20.5 5.43221 E-07 0.0227 

II 23.5 I 4.87779E-02 I 0.0229 

II 16.5 I 4.61 5 13E-02 I 0.0230 

29.5 4.45498E-02 0.0'235 

32.5 4.54823E-02 0 0242 

35.5 4.39922E-02 0.0250 

38.5 4.3 1814E-02 0.0248 

II 41.55 I 3.97484E-07 I 0.0242 

45 46 3 31747E-02 0 0223 

49 41 3 5908SE-02 0 0249 

II 52.5 I 3.60592E-02 I 0.0266 

II 55.05 I 3.50668E-01 I 0.0276 

I1 58.46 I 3.30115E-02 I 0.0233 

II 61.91 I 3.85681 E-03- I 0.0274 

65.00 3.977.56E-02 0.0253 

69.00 3.996 13 E-02 0.0260 

73.00 3.92755E-02 0.0265 

77.00 3.93843E-02 0.0278 

81 .oo 3.66123E-03 0.0280 

85.00 3.50674E-02 0.0295 

90.00 3.17828E-02 0.0280 

96.00 2.6579 1 E-02 0.0312 

II 102.00 I 2. 14099E-O? I 0.0356 

108.00 1.72037E-02 0.0380 

114.00 1.3-97-04E-02 0.0456 

II 126.00 I 5.5648OE-03 I 0.0663 

132.00 2.4 1523E-03 0.0867 
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Table A.3. VHlHP (hztzrogzneaus compact) 235U fission. MCNP 500,000. 
HIST axial profile. 

z (an) 

0.75 

Fission rate Relative error 

6 78371E-02 0 0140 

- 

II 2.25 I 6.72b53E-02 I 0.0143 II  
3 75 

5 2.5 

6 75 

8.25 

6 75469E-02 0 0142 

6 82225E-02 0 0142 

6.83139E-03 0 0143 

6.84058E-02 0 0141 

9.75 

11.25 

6.78376E-01 0.0141 

6.72440E-02 0 0140 

12.75 

14.25 

15.75 

6.761 llE-02 0.0143 

6.74218E-02 0.0145 

6.671 666-02 0 0143 

17.25 

18.75 

6.69589 E-02 0 0144 

6.67600E-02 0.0144 

20.25 

2 I .75 

23.25 

6 60304E-02 0.0144 

6 47906E-02 0.0144 

6 41855E-02 0 0146 

24.75 

26.25 

27.75 

6.47748E-02 0.0147 

6.46810E-02 0.0146 

6.38619E-02 0.0145 

29.35 

30 75 
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6.30352E-02 0.0147 

6.2’2337E-02 0.0148 

32.25 

33.75 

6.15721 5 0 2  0.0147 

5.9874OE-02 0.0147 

35.25 6.0041 5E-02 0.0151 l- 36.75 6.01952E-02 0.0151 

38.25 

39.75 

41.25 

5.96082E-02 0.0153 

5.83975E-02 0.0152 

5.74562~02 0.0156 

42.75 

44.25 

45.75 

5.65063E-02 0.0154 

5.60777E-02 0.0155 

5.5946 1 E-02 0.0157 

47.25 

48.75 

50.25 

51.75 

53.25 

54.75 

5,40796E-02 0.0157 

5.3 18 I SE-02 0 0159 

5.253646-02 0 0163 

5.18652E-02 0.0160 

5.1021 IE-02 0.0163 

5.09 l67E-02 0.0170 



z (CII1) 

56.25 

II 57.75 I 4.95168E-02 I 0.0169 I1 

Fission rate Relative error 

5.06 I 13E-02 0.0171 

59.25 

60.75 

4.96408E-02 0.0177 

4.88955 E-02 0.0173 

62.25 

63.75 

4.7 I760E-02 0.0173 

4.58272E-02 0 0174 

65.25 

66.75 

II 78.00 I 4.15552E-02 I 0.0181 II 

4.43730E-02 0.0176 

4.395SlE-02 0.0176 

81.00 

68.25 

69.75 

71.25 

I 4 00424E-02 I 

4.26645E-02 0.0177 

4.16747E-02 0.0178 

4 27666E-02 0.0180 

0.0183 

72.75 

75 .00 

II 84.00 I 3.90871 E-02 I 0.0193 II 

4.23654E-02 0 0179 

4.16756E-02 0.0177 

87.00 

90.00 

93 .00 

3 7 I807E-02 o 0198 

3.401 56E-02 0.0207 

3.1 1369E-02 0 0217 

II 102.00 I 2 ,22048E-02 I 0.0250 II 

96.00 

99.00 

2.794306-02 0.0226 

2.52870E-02 0.0234 

~~~ 

105.00 1.87439E 02 

108.00 1.53175E-02 

111.00 1.23675E-02 

114.00 8.77178E-03 
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~ 

0.0268 

0.0285 

0 0306 

0 0334 

117.00 

119.25 

5.56756E-03 0.0369 

2.971 03E-03 0.0420 



Table A.4. VH 1HP (homogciicous compact) 238U fission. hlCNP 500,000. 
HIST x-axis protilz. 
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Table A.5. V H l H P  (homogeneous compact 138U fission. LlCh’P 500.000. 
HIST y-axis profile. 

Y(cm) Fission rate Relative error 

0.0728 

5.5 2.45340E-06 0.0683 

2.5 2.37788E-06 

8.5 I 2.83475~06 I 0.0673 

11.5 3.0 193 E-06 0.063 1 

14.5 3.9 17 12E-06 0.0578 

17.5 4.55584E-06 0.0551 

20.5 5.20525E-06 0.0514 

I 6.49424E-06 I 0.0463 

7.83407E-06 0.0436 26.5 

29.5 6.86998E-06 0.0365 

II 55.05 I 6.13828E-06 I 0.0528 

58.46 7.29245E-06 0.0399 

61.91 4.68977E-06 0.0593 

3.04277E-06 I 0.0623 

II 69.00 I 1.75456E-06 I 0.0850 

1.02544E-06 0.1104 73.00 

77.00 5.10828E-07 0.1583 

81.00 3.10324E-07 0.1788 

II 85.00 I 2.23415E-07 I 0.2073 

90.00 1.86798E-07 0.2185 

96.00 9.94652E-08 0.2774 

II 102.00 I 4.30515E-08 I 0.4616 

II 108.00 I 1.61427E-08 I 0.5570 

II 114.00 I 2.35496E-08 I 0.6926 

II 126.00 1 7.18547E-09 ~ 1 0.9880 

II 132.00 I 2.37996E-11 I 0.0944 

A-6 



r 
z ( m )  

0 75 

2.25 

3.75 

5.25 

6.75 

8.25 I 3 31738E-06 1 0 0390 

1 

Fission rite Relative error 

3 36802E-06 0 0374 

3.3 14566-06 0 0372 

3.28998E-06 0 0369 

3 26072E-06 0 0381 

3 273666-06 0 0384 

11 
9.75 

1 I .25 

3.0906RE-06 0.0379 

3.2 I61 5E-06 0.039 1 

12.75 

14.25 I 3.360336-06 

15.75 3.3536 1 E-06 

17.25 3.30714E-06 

18.75 3.38627E-06 

3.21 863E-06 1 0.0371 

0 0400 

0.0380 

0.0372 

0.03 77 

20.25 

21.75 

23.25 

3.33761E-06 0.0374 

3.37182E-06 0.0372 

3 37648E-06 0.0381 

I 24.75 3.30628E-06 0.0385 

26.25 3.17590E-06 0.0371 

27.75 

29.25 

30.75 

36 75 I 2 77Q93E-06 I ~ 0 0405-11 

3 1R046E-06 0.0380 

3.08967E-66 0.0402 

2.9269OE-06 0.0388 

38.25 2.78669E-06 0.0401 

39.75 2.866376-06 0.0406 

41 2 5  2.6801 7E-06 0.0414 

32.25 

33.75 

35.25 

2.88295E-06 0 0391 

2.85858E-06 0.0400 

2.779 13E-06 0.0406 

47.25 2 50395E-06 0 0418 

48 75 2 5209E-06 0 0430 

50 25 2 47725E-06 0 0441 

5 1.75 2 35899E-06 0 0455 

53.25 2.35791E-06 0 0426 

54 75 2 54923E-06 0 0447 

56.25 2 51891E-06 0.0449 

42.75 

44.25 

45.75 

57.75 2.26862E-3-06 0.0440 

59.25 2.12 122E-06 0.045 1 

60.75 2.16798E-06 0.0484 

2.69528E-06 0.0417 

2.84625 E-06 0.0428 

2.7073 U E-06 0.0420 
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Table A.6.  V H I H P  (hetzrogcnzous compact) 23sC fission. hlCNP 500.000. 
HIST axial profile. 

z( an) Fission rate Relative error 

1.18372E-06 

5.17586E-07 0.081 I 

2.9007XE-07 0.  I 109 

93 .OO 2.18486E-07 0.1 156 

96 .OO 1.5413 I E-07 0.1287 

99.00 I ,00053E-07 0.1518 

102.00 6.72258E-08 0.1804 

105.00 5.463 17E-08 0.2032 

108.00 3.69207E-08 0.2383 

1 1 1 . 0 0  3.63428E-08 0.2775 

114.00 2.95006E-08 0.3151 

117.00 2.06862E-08 0.3709 

119.25 1.968886-08 0.3930 
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